Introduction
============

Human gastrointestinal tract harbors a dense microbial population known as the gut microbiota. The gut microbiota can significantly affect the metabolic and immunological functions of the host as demonstrated by previous experiments using germ-free animals.^([@B1])^ Moreover, accumulating evidence shows that the gut microbiota plays important roles not only in gastrointestinal disorders such as Crohn's disease and ulcerative colitis^([@B2])^ but also in systemic chronic disorders such as obesity^([@B3])^ and cardiovascular disease.^([@B4])^

Deep sequencing of highly conserved regions in the 16S ribosomal RNA (rRNA) gene permits a comprehensive and comparative analysis of the commensal gut microbiota including non-cultivable bacteria.^([@B5])^ For instance, this analytical technique has provided evidence that shows that abundance of specific bacterial taxa in disease subjects differs from that in healthy individuals. As a result, deep sequencing is now widely popular, which has helped generate massive sequencing data of the 16S rRNA gene in the human gut microbiota including those obtained when assessing diseased versus healthy subjects^([@B6])^ and pre- and post-administration of several treatments.^([@B7])^ However, worldwide laboratories use different methods to generate sequencing data, which can pose a problem when conducting meta-analysis of multiple datasets created by different research groups. Thus, it is critical to elucidate the effect of different DNA analysis methodology can cause on samples and consequently, on the resulting data.

Feces are the most commonly used samples to evaluate the composition of gut microbiota because they can be easily collected in a non-invasive manner. Nonetheless, it is recognized that there are other factors affecting the profile analysis of the microbiota in fecal samples such as storage (including preservation solution, temperature and duration)^([@B8],[@B9])^ and the bacterial DNA extraction method (e.g., mechanical or enzymatic lysis).^([@B10],[@B11])^ Although several studies have evaluated the effects of these factors on the 16S rRNA-based profiles of the fecal microbiota, none was conducted in Japan and hence analyzed samples were not from Japanese subjects.^([@B8]--[@B12])^ In that context, Nishijima *et al.*^([@B13])^ reported that a unique characteristic of the gut microbiota of Japanese people represented by a high abundance of *Bifidobacterium*, which is not found in the microbiota of other ethnic groups evaluated. It is important to underline that the abundance analysis of *Bifidobacterium* can be highly affected by the DNA extraction method.^([@B10])^ With respect to sample storage, Nishimoto *et al.*^([@B14])^ and Hosomi *et al.*^([@B15])^ used a guanidine thiocyanate solution to store fecal samples from Japanese subjects. These workers reported that, at room temperature, the guanidine thiocyanate solution provided acceptable stability to the fecal microbiota. However, although robustness of the gut microbiota after a 2-month span^([@B14])^ and optimization of the bacterial DNA extraction method from samples stored in guanidine thiocyanate solution^([@B15])^ were assayed, the aforementioned work evaluated the effect of sample storage on the fecal microbiota only indirectly. Thus, it is deemed necessary to investigate the effect of storage conditions on samples in more detail.

In the present study, we evaluated two factors that could potentially affect the 16S rRNA-based profiling of fecal microbiota: 1) storage (including preservation solution, temperature and duration) and 2) the method of bacterial DNA extraction from feces.

For the storage assay, DESS (DMSO-EDTA-salt solution) was compared with the guanidine thiocyanate solution because they are equally regarded as acceptable media for fecal preservation^([@B16])^ As for the bacterial DNA extraction methods, four commonly used in Japan were evaluated; A) silica membrane-based DNA purification combined with bead-beating bacterial disruption, B) magnetic bead-based DNA purification combined with bead-beating bacterial disruption, C) manual DNA purification using phenol-chloroform and ethanol precipitation combined with enzymatic bacterial lysis, and D) commercially available DNA extraction by Qiagen.

Materials and Methods
=====================

Sample collection and storage
-----------------------------

Feces were sampled at Kyoto Prefectural University from five healthy adult volunteers (3 males: 23 years old; 2 females: 22 years old). The experiment was approved by the Ethical Committee of Kyoto Prefectural University and conducted as per their guidelines (approval number: 132). Written informed consent was obtained from all participants.

Fecal samples were collected using a stool collection brush and storage tube set (Wako Pure Chemicals, Osaka, Japan). For evaluation of storage, feces were collected in sextuplicate from each subject. The preservation solution in each storage tube and storage duration are listed in Table [1](#T1){ref-type="table"}. For evaluation of the bacterial DNA extraction method, fecal samples were collected from each subject in four DESS-containing tubes.

DNA extraction
--------------

For evaluation of storage, bacterial DNA was extracted from samples using a QuickGene DNA tissue kit (KURABO, Osaka, Japan), as previously described.^([@B17])^

For evaluation of the DNA extraction method, DNA was extracted from samples using four different methods. As method A, the QuickGene DNA tissue kit S (silica membrane-based purification combined with bead-beating bacterial disruption) was used. As method B, a combined method of a Maxwell RSC blood DNA kit for purification (magnetic bead-based purification; Promega, Tokyo Japan) and bead-beating bacterial disruption was used. As method C, enzyme-based lysing and purification by phenol-chloroform and ethanol precipitation method^([@B18])^ were used. As method D, a combined method of a QIAamp DNA Stool Mini Kit (Qiagen, Tokyo, Japan) and bead-beating bacterial disruption^([@B19])^ was used.

Deep sequencing of 16S rRNA genes and sequence data analysis
------------------------------------------------------------

Library preparation including amplification by PCR of the V3--V4 region of the 16S rRNA gene was carried out exactly as previously described by Inoue *et al.*^([@B20])^ Deep sequencing was conducted using a MiSeq System (Illumina, Tokyo, Japan). Sequencing data analysis obtained was carried out exactly as previously described by Inoue *et al.*^([@B20])^

Statistical analysis
--------------------

α-Diversity indices Chao1 and Shannon were calculated by the R phyloseq package and statistically analyzed by the Kruskal-Wallis test followed by the Steel-Dwass posthoc test. β-Diversity was estimated based on Bray-Curtis distances and assayed by a principal coordinate analysis (PCoA) using phyloseq. The Bray-Curtis distance between the samples was statistically analyzed by a permutational multivariate analysis of variance (PERMANOVA). The relative abundance (%) of bacteria in the gut microbiota between groups was statistically compared by ANOVA, followed by the Tukey-Kramer posthoc test using the Benjamini-Hochberg false discovery rate correction (STAMP software).^([@B21])^ For α and β-diversity, differences were considered significant when *p*\<0.05. For the relative abundance of bacteria, differences were considered significant when *p*\<0.05 and*q*\<0.1.

Results
=======

Effect of storage
-----------------

Regardless of the storage duration, temperature and solution, samples obtained from a single individual clustered together and only slight variations of the storage methods were observed within individuals (*p*\>0.05; Fig. [1](#F1){ref-type="fig"}a). Moreover, independently of the storage method, the mean value of Pearson's correlation coefficient of OTU profiles between fresh and stored samples within individuals (intra-individual) was about 0.90 or greater, but between individual fresh samples (inter-individual) it was 0.62 (Fig. [2](#F2){ref-type="fig"}).

At phylum level, regardless of the storage method, abundance of Bacteroidetes was approximately 10% higher in stored samples than in fresh samples, (*p*\<0.05, *q*\<0.1; Fig. [3](#F3){ref-type="fig"}). Conversely, abundance of Firmicutes was smaller in all stored samples than in fresh samples. The difference in abundance of Firmicutes between fresh samples and samples stored in DESS for 2 weeks at room temperature, and between fresh samples and samples stored in guanidine thiocyanate solution for 3 weeks at 4°C was significant (*p*\<0.05, *q*\<0.1; Fig. [3](#F3){ref-type="fig"}).

At genus level, a significant effect of storage was observed on two minor genera; *Ochrobactrum* and *Peptoniphilus* (Supplemental Table [1](#ST1){ref-type="supplementary-material"}**\***). Indeed, except for the samples stored in DESS for 2 weeks at room temperature, abundance of *Ochrobactrum* was significantly higher in stored samples. Regarding the abundance of *Peptoniphilus*, it was unusually higher in samples stored in guanidine thiocyanate medium for 3 weeks at 4°C, when compared with other samples including fresh samples. α-Diversity in the samples was not affected by storage (Fig. [1](#F1){ref-type="fig"}b).

Effect of bacterial DNA extraction methods
------------------------------------------

Regardless of the DNA extraction method, samples obtained from a single individual clustered together, but samples extracted by method D (Qiagen stool mini kit) were distantly located from samples extracted by the other three methods (PERMANOVA, *p*\>0.05; Fig. [4](#F4){ref-type="fig"}a). Pearson's correlation coefficient of OTU profiles was the highest between methods A and B (0.97 ± 0.01), and approximately 0.85 between the other methods except between method C and D (Fig. [5](#F5){ref-type="fig"}), which was markedly low (median 0.69).

At phylum level, abundance of Actinobacteria and Firmicutes was significantly lower in samples extracted by method D compared with samples extracted by other three methods (*p*\<0.05, *q*\<0.1; Fig. [6](#F6){ref-type="fig"}). In contrast, samples extracted by method D showed an abundance of Bacteroidetes significantly higher than that in samples extracted by the other three methods (*p*\<0.05, *q*\<0.1). Nonetheless, abundance of Bacteroidetes was significantly lower in samples extracted by method C than that in samples extracted by methods A and B (Fig. [6](#F6){ref-type="fig"}).

At genus level, abundance of two predominant genera; *Bacteroides* and *Bifidobacterium* was affected by the extraction method, particularly by method D (Fig. [7](#F7){ref-type="fig"}, Supplemental Table [2](#ST2){ref-type="supplementary-material"}**\***). Abundance of genus *Bacteroides* in samples extracted by method D was higher than that in samples extracted by the other three methods. By contrast, abundance of genus *Bifidobacterium* in samples extracted by method D was significantly lower than that in samples extracted by the other three methods. In addition, abundance of *Bacteroides* was the lowest in samples extracted by method C.

An effect of the extraction method was detected on α-diversity Shannon index but not on Chao1 index (Fig. [4](#F4){ref-type="fig"}b). Samples extracted by method D showed a non-significantly lower Shannon index than did samples extracted by the other three methods.

Discussion
==========

In gut microbiota research, deep sequencing of the 16S rRNA gene has become a common analytical method and thus, it is used in many laboratories around the world as well as in Japan. However, differences in the methods used by these laboratories to generate the sequencing data can make the meta-analysis of generated datasets difficult to achieve. In the present study, the effects of storage and the method of extraction of bacterial DNA from feces on the 16S rRNA-profiled microbiota were evaluated to establish if differences caused by these factors could alter microbiota profiles that in turn could significantly affect meta-analysis.

Storage variables such as preservation solution, temperature and duration did not affect the overall profiles of the fecal microbiota, as the PCoA analysis clearly showed that stored samples closely clustered with fresh samples (Fig. [1](#F1){ref-type="fig"}a) and that OTU profiles of the former showed a high correlation with those of the latter (\>0.90) (Fig. [2](#F2){ref-type="fig"}). In addition, no effect of storage was found on α-diversity Chao1 and Shannon indices (Fig. [1](#F1){ref-type="fig"}b). Therefore, it can be postulated that in terms of the overall structure of the microbiota such as α-diversity or β-diversity, fecal samples stored even at room temperature in either DESS or guanidine thiocyanate solution for a maximum of 3 weeks, are likely to show robustness similar to that of fresh samples or those stored in different storage media. However, caution should be taken when comparing abundance of bacterial taxa in fresh and stored samples. Indeed, in the present study, abundance of Bacteroidetes at phylum level significantly decreased in stored samples when compared with that in fresh samples (Fig. [3](#F3){ref-type="fig"}), although abundance of Bacteroidetes in stored samples was unaffected by storage. At genus level, however, abundance of two minor genera, which was about 1% or less, was affected by storage (Supplemental Table [1](#ST1){ref-type="supplementary-material"}**\***). Thus, these results seem to suggest that comparison of abundance of bacterial taxa can be safely made between different stored samples.

Differences in the bacterial DNA extraction methods noticeably altered the fecal microbiota profiles. For example, extraction methods A, B and C hardly affected the overall profiles, as per α-diversity and β-diversity of the fecal microbiota (Fig. [4](#F4){ref-type="fig"}). However, method D seemed to cause considerable differences in the overall profiles of the fecal microbiota. This effect was reflected by the way samples extracted by method D were distantly positioned in the PCoA plot (Fig. [4](#F4){ref-type="fig"}a) from samples extracted by the other three methods. In addition, Shannon index was noticeably lower in samples extracted by method D when compared with those extracted by other methods (Fig. [4](#F4){ref-type="fig"}b).

The effect of method D was observed on the abundance of the bacterial taxa, which was on predominant two genera, *Bacteroides* and *Bifidobacterium* (Fig. [7](#F7){ref-type="fig"}). Abundance of three phyla, Actinobacteria (to which genus *Bifidobacterium* belongs), Bacteroidetes (to which genus *Bacteroides* belongs) and Firmicutes was also significantly affected by method D (Fig. [6](#F6){ref-type="fig"}). Furthermore, abundance of phylum Bacteroidetes and genus *Bacteroides* in samples extracted by method C was significantly lower than that in the samples extracted by methods A and B. These results indicate that abundance of bacterial taxa in samples from which DNA was extracted by two different methods is comparable depending on the DNA method used. For example, samples extracted by method A and B can be compared, whereas those extracted by methods C and D cannot (Fig. [5](#F5){ref-type="fig"}). Interestingly, methods A and B used the same bacterial disruption step and hence it is not surprising that the results from these two extraction methods were highly correlated. Thus, it seems that unlike DNA purification, differences in bacterial lysis/disruption can cause effects on the fecal microbiota profiles, as it was clearly demonstrated by the elimination of the bead-beating processing in a previous study.^([@B10])^

In conclusion, the present study demonstrated that fecal storage for 3 weeks in DESS or guanidine thiocyanate solution either at room temperature or 4°C does not alter the microbiota profiles in fecal samples from Japanese subjects, as per the analysis of α-diversity, β-diversity and abundance of bacterial taxa. In addition, although the bacterial DNA extraction methods affect the profiles of the fecal microbiota, the results obtained from three of the four methods evaluated suggest that the effects may be acceptable for comparison of α-diversity and β-diversity. Nonetheless, the results obtained after using method D seem to suggest that assessment of the effect of the extraction method is critical prior to conducting meta-analyses of sequencing data. Phylum Bacteroidetes and genus *Bacteroides* seem to be more affected by both storage and the DNA extraction methods. These phylum and genus are predominant in the fecal microbiota of the Japanese population^([@B22])^ and it is reported that abundance of genus Bacteroides can be different in some disease subjects compared with healthy individuals.^([@B23]--[@B25])^ Therefore, meta-analysis studies involving abundance of bacterial taxa should be carefully designed, especially when data are obtained using different DNA extraction methods.
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![Comparative analysis of the fecal microbiota in fresh and stored samples. (a) Bray-Curtis PCoA. No significant differences were detected between fresh and stored samples (*p*\>0.05, PERMANOVA). (b) Chao1 and Shannon indices of the fresh and stored samples. No significant differences were detected between fresh and stored samples (*p*\>0.05, Kruskal-Wallis test).](jcbn18-84f01){#F1}

![Correlation of OTU profiles in fresh and stored samples. Pearson's correlation coefficient (R) between fresh and stored samples within individuals (Intra-Individual) was calculated. The correlation coefficient between fresh samples from a single individual (Inter-Individual) was also calculated to estimate difference in the fecal microbiota between individuals.](jcbn18-84f02){#F2}

![Taxonomic composition of the fecal microbiota in fresh and stored samples at phylum level.](jcbn18-84f03){#F3}

![Comparative analysis of the fecal microbiota in samples from which DNA was extracted by four different methods. (a) Bray-Curtis PCoA. No significant differences were found between fresh and stored samples (*p*\>0.05, PERMANOVA). The samples extracted by method D are indicated with arrows. (b) Chao1 and Shannon indices of fresh and stored samples. No significant differences were found between fresh and stored samples (*p*\>0.05, Kruskal-Wallis test).](jcbn18-84f04){#F4}

![Correlation of OTU profiles between DNA extraction methods. Pearson's correlation coefficient (R) between extraction methods was calculated.](jcbn18-84f05){#F5}

![Taxonomic composition of the fecal microbiota at phylum level in samples from which DNA was extracted by four different methods.](jcbn18-84f06){#F6}

![Abundance of bacterial genera that significantly differed between DNA extraction methods. **\****p*\<0.05, *q*\<0.1 by ANOVA followed by the Tukey-Kramer posthoc test using the Benjamini-Hochberg false discovery rate correction. Stars in each box indicate the mean value.](jcbn18-84f07){#F7}

###### 

Sample strage conditions for the evaluation of storage method

  Tube   Buffer contained                           Storage duration   Storage temperature
  ------ ------------------------------------------ ------------------ ---------------------
  1      Lysis buffer for QuickGene DNA tissu kit   Fresh^†^           4°C
  2      Guanidine thiocyanate^‡^                   3 weeks            4°C
  3      DESS                                       3 weeks            4°C
  4      DESS                                       1 week             Room temperature
  5      DESS                                       2 weeks            Room temperature
  6      DESS                                       3 weeks            Room temperature

^†^DNA was extracted within 12 h of sample collection, ^‡^Obtained from Techo Suruga Laboratory (Shizuoka, Japan).
